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Abstract 

The collective excitations of some neutron-deficient bariwn, xenon, and 

cer:i.um isotopes have been studj_ed vlith germanium counters. VarJouB (heavy ion, 

126 124 122x 12ox 134 
xn) reactions have been used to produce Ba, Ba, e, e, and Ce. 

The decay of 134Pr to J.3 4
ce, with a half-life of 17 ± 2 minutef>, v.'as also stucljcd. 

ParU.al level schemes for the groLmd-state rotational bands up to spin 3+ 01.' 10-t-

are proposed for the nuclides investigated. 'l'he lifetime of the fjrst-exc:itecl 

126 -10 
state in Ba has been deterrdned to be 2. 7± 0. 5 x 10 · seconds and, hence 

126 ' 
gives the deformation of Baas f3 ""0.24±0.02. 

The :i.mplications of the rotational energies and spacings as related to 

deformation in this region are discussed. 

-)(· 

This v1ork v:as performed under the auspices of the U. S. Atomic Energy 
Co:n!lij_ssion 

t . 
Present address: Vnn:ence Radiation Laboratory, University of CaJ5forntr.J., 
I1tvennore, California. 
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l. Introduction 

The existence of three regions in the periodic table l·lhere defonnccl 

nuclei ex:i st is 110\1 ·1-1ell established. The properties of these nuclei h3.ve 

1,2) been surveyed by several authors . Experimental evidence concerning a 

fourth rq~ion of deformation 1-1here N and Z both lle bet-ween )0 to 82 I·JCJ.s 

first given by Sheline, Sik}ce1and, and Chanda3) -who observed the fin;t-excHcd 

states in 
130

Ba, 
128

Ba, and 
126

Ba. These isotopes v1ere subsequently studied 

l.~ 5 
by Chanda ' ), -who proposed partial-level schemes for the three barium nuclei. 

The evidence suggesting that the nuclei in this region might be deformed con-

sj.sted maj_nly of (l) systematics of the first-exci.ted state energies, and (2) 

the ratio of the energy levels observed in relation to that expected for rota-

tionaJ. bandf; in even-even deformed nuclei. 

'J'he study of the collective energy levels of nuclei. in thin nevi region 

of deformation is also the subject of the present "Work; in particular ~e have 

126 l2l~ 122 120 1)11 
studied the l;evels of Ba, . Ba, Xe, Xe, and Ce. The systematic 

investigation of collective levels following radioactive decay is not al't~ays 

possible, so that other methods have been used in most of this W)rk. 

Several groups have observed the gamma rays from de-eX'cit:ing nuclei 

produced in nuclear reactions. Morinaga and Gugelot 
6) first observed such 

ga!lm:a rays :in tho cascade to lower excited states of nuclei produced i.n (c~,x:-1) 

reactions. Hansen, Elbek, Hagemann, and Hornyak 7) used (p, xn) re<J.c:tions and 

studied the spectra of the conversion electrons from various tar~:ets using ~! 

mae;neLic spectronk~ter. Stq)J1ens, Lark, and Diamond 
8), using (h.::o.vy ion,xn) 
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and also Nal (Tl) and german hun solid-state detectors. As shmm in these v1orks, 

tbc e;round -state rotational band could ahmys be seen up to the 6.t- or 8-1 J.evc:l! 

More recently several authors 9-ll) have reported studies us.ing s:i.:n:i.lar 

tcclm:Lquef;. 'l'he work of Mj yano et al. in ob:-;;erving the collecti.ve states :i.n 

130 . Bu J.:-; of particular interest as it lr; in the neighborhood of the ne\t rc[').on 

5 
of deformation. This work verifies that of Chanda ) who used rad:i ocbem:Lcnl 

FO PO 
techniques on :; La to obtain the states in :; Ba. The Miyano work also demon-

strates the desirability of investigating more of the nuclei in this region with 

the "in-beam" technique. 

2. Experimental Procedu:res 

The Berkeley heavy-ion linear accelerator (Hilac) v1as used to accclera{e 

14 12 1) 10 ] 2 ~)· 121• 
beams of N, C, B, and B to the energies required to produce __ lBa, ~a, 

122xe, 120xe, l3l.fce, and l34Pr from the appropria,te targets (table 1). The dcsif't:~d 

isotope's excitation fw1ction v1as calculated by using the Jackson Model 
12

). 'I'he 

ion energy correspondJng to the peak ln the excitation functton v?as used as· a 

starting point to look for the deslred product. A crude excitation function l:as 

then experl!llentaJ.ly obtained by observing the products at various energ5es. In 

most cases the energy calculated from the Jackson Model for the peak of the exc:Ita-

t:Lon function and the value deter!llinecl experimentally v1ere ,.,Hhjn ±3 t>IeV. The 

.bombanHng energy given in table 1 is the one 'vhich gave the cleanest spectrw;t of 

the desired reaction product. 
121,. d 122.x 

In the case of Ba an ~, two differcnL 

reactions v1erc e:nployed, using different projectU.e.s and ·targets. 

" ! ' I 

. ..., 
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2.1. IN- BgA.M BOMBAHD!·li~-:I,l'E Vil~'l'HODS 

'l'hc experimental setup for the :Ln-beam ga!ltrna-ray cletec:U.on (fig: l) 

consisted of: (a) a retractable gold scatter foi.J and a beam-energy d<::tcc:tor 

for beam-energy measurements, (b) a collimator of approximately 3/8-in. 

diameter connected to an electrometer vlhich measured th~ beam hi ttjng the 

collimator and facilitated focusing of the beam, (c) the target assembly l·lh:ich 

included the target on a retractable paddle and luc:Lte w:i.ndm.;s lvhieh allovled 

viewing the target while in the beam location,. (d) the Faraday cup, conneeted 

to an electrometer which measw.·ed the beam intensity, and (e) the lithhun-

drifted germanillm counter which was usually placed a fevl. mill:i.meterr> from the 

lucite window at 90 deg. to the beam direction. 

Since the Hilac 11partial,-energy 11 beam ~o1as used, no degradat:Lon of the 

beam by a.bsorhcrs 1-1as necessary. The desired energy was achieved lJy changint: 

the tnt of the gradient jn the post-stripper tank; and adjusting the tank 

tuners. The beam was magnetically analyzed by deflection through 52°, and then 

traveled through a quadrupole focusing magnet into the experimental area. 'l~he 

beam-energy >vas measured by scattering the beam from a thin (~1 mg/ cr:.r?) gold foll 

into a. solid-state detector which ~o1as at an angle Of 20" to the· beam. 'l'he detector· 

was calibrated 1-1ith the full-energy beam 13 (10.!1±0.2) MeV/nucJeon · ) and the beam 

energy measured was considered accurate to vlt.hin l-2%. 'l'he ratio of the bea!lt 

hitU.ng the Faraday cup to that hitting the ColHmator in front of the target vJas 

used as an a.id in final focusing of the beam. This ratio was generally 2:1 or-

better; although it did at tj_mes· go as 101·/ as 1:2. · The average beam current,_: li'::TC 

held to a fe',l nA when usj.ng the Li -drifted germanium counter to detect the ga'~.::ta ra~:s. 



Isotope 

120 
Xe 

134Ce 

.J)1rp . r 
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Table 1. Nuclear reactj_ons em1)loyed. 
==================~ 

I 

Reaction 

ll5In(l4N, 126 
3n) . Ba 

ll5In(l4N, 
t . 

5n) 12 rBa 

116sn(12c, 124 1+n) Ba 

li5In(loB, 3n)122Xe . 

115In(l~, 4n) 122xe 

115In(lOB, 5n)l20Xe 

1271 (1~J 4 )131+ n Ce 

1271 (12c, · 5n) 134Pr 

;.·, 

,.J 

Approx. Heavy Jon 
Energy .. Bombardi.ng 

(lv1cV) 

52 

81+ 

so 

37 

57 

67 

57 

90 

.. 
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'l'he beam-pulse repetition rate v1as t-v1elve pulses per second in the early part 

I 

of this vlor1<., and 1-ms later increased to forty pulses per f~econd. The bc'am-

pul:3~-- length vJas "-'3 milliseconds. 

The targets used -were of t-wo types: (l)- thin self-supportin(:~ targets, 

ari.d (2) thj.ek targets. 'l'hjn (about 5 mg/ cm
2

) self-sup])Orting metallic target.;> 

of indima and separated tin isotope -were used in,the garmna-ray apparatus a~; pre-

viously described (see fig. 1). Thick targets of indittm and lead iodide -were 

used in a terminating target holder, -where the target holder itself served W3 

the Faraday cup. The thick targets -were: 0.003~1n~ thick indium foil targets, 

2 
and approximately 20 mg/ em lead iodide pov1der vlhich served as an iocline target. 

The lead iodj_de target i-Jas made by pressing the pm-1dered le13.d iodide into a flat 

disk and then spraying it -with an acrylic lacquer to form a support for the 

pressed po-wder. 

L!FETIME MEASUI\EMEN'l' PROCEDURE 

The method used for measuring the lifetime of the first-excited state 

1Lf). essentially that of Novakov, Hollander, and Graham 'l'he equip-

ment was set up by Rurde, Diamond, and Stephens and made use of a small vlecle:e~-

gap electron spectrometer. 'J'he d:i.agram of the high-voltage tarr,et arran[;e!ncnt 

:i.s shOi·Jrl ln flg. 2,. As the reaction IJJ.'oduct~-> are made, they are 1:~.1 vc::n a rccoj 1 

energy around 5 MeV. Conversion electrons are given off before the recoiJi11g 

--
nuclei reach the negative high-voltage grid, which is placed at a distance 

depending on the mean lifetime of the level. The electrons are then slol·.'ed do't7n 

by the negative-voltage gradient an amount depending on their distanc:e of emissjo:J 
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' from the gri.d. Af'te:t' passing the grid, the electrons are accelel'ated by the :ful1-

voltage gradient to an energy greater than th.eir original energy. In this me.nne:c 

an electron ts given an addj.tional amount of energy, the raagnitude of v1hicr1 uC})e:Ji_'c. 

on the recoil distance before electron emission, and therefore on· the H:feUr.-,0 of 

the nuclear state i.nvolved. By cor,lparing the electron energy 1-1ith the high voltage 

off to the.t when it is on, and knmving the recoil veloci t.y e.ncl appJj ec1 val tage, one 

-
can obtain the mean lifetime of the state. 'J'o obtain a reference peak position, 

the .negative voltage v1as applied only to every other Hilac pulse; thus by stor1ng 
-' 

the j_nformation separately} a perturbed and unperturbed peak -were recorded during 

the same magnet s1-1eep . 
2 

Target thickness of ~200 !J.gm/cm v1ere used. A descripUon 

. of the calculations and uncertainties involved has been given else'l'lhere 15). 

2.3. 134 
RADIOCH1~IQ~L STUDY OF Pr DECAY 

J-34 
In studying the energy levels of Ce} radiochemical ~eparation and study 

l3i~ 
of the radioactive decay of Pr v1ere emp;Loyed as 1-:ell as the in-beam techn:i.qne. 

The former procedure was simi.lar to that used by Chanda 5). The copper iodide 

target viaS prepared by evaporating the copper iodide in vacuLun and depositing it 

2 2 
on 2. 7 mg/cm nickel foil. Target thickness varied bet\-:een 1 and 2 mg/cra . A 

beam of carbon ions, -with a beam current of aroLmd 150 nA} \·las used. The praseo-

dymi.um nuclei produced vlere chemically separated from the other products pres err~. 

A d •t t• f t• d d 134P ' d ·t~ . cru e exc1 a ·1on . unc 1on was measure , an r was p:roauce 'dl -11 max1mum 

yield by selectj_nc the beam energy as "'90 MeV. A 'detailed description of Lhe 

. 15 
procedures used here has been given elsewhere ); 

: ,; 

• 

•• I~ 
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3. B.e~:.ults 

rr.he mass assjc;nments ·of the nuclei concd.dcred jn thi.f; >·lurk \.'ere bw;cd 

on uevcJ·uJ. criteria. ~Phc peak of' the calcnlai..cd cxc:i.tat:i C>n funet:Lon fen: a 

product formed :i.n a given reaction \vas used as a. starting poj.nt for )nvesticut:ion 

of the nucJides studied. 
] ')6 ]2'' 

'l'hc ar;~3i.gmnent of the gc'>n'na-rayc frum .. c.. )Br.t aml · .c'l.e 

. l ~ 

vias in agreement vilth the values previously found by Chanda t) (12 
JBa) ancJ t;Jorina[_.a 

an(' I_,<"rk 
16

) (
122xe). The re~uJ_1·s of·. tl1e 

131-~I~r d' ,__ · l t ·l ' tl · 1 ~ _ v ra lOC,IC>nlca. s·uc~ ana · lC 1n-

. . 134 . 124 
beam method both support the assignment of tl1e Ce levels. Sjne:e Ba 1-1as 

produced by tv;o reactions, vii th different targ<:;ts and project) lee., l10t:l1 g i v:ing 

the same transi tion.s, thi.s mass ass:i.gnment :i.s like\·l:i.se consjdc::red to be qu.itc 

certai.n. 

The spi.n and parity assign~nents were made from the systemati.c beh<'J.Vi.or 

of the observed Jines. This :i.ncluder; (1) the regular· spacing of the transition 

en'3rgies, approachinG in somE~ cases the 1(1+1) rotational Sl;aci.ng, (2) the out-

standing int.enf;i. ty of the Ji.nes which decreac;ed monotonically vii th jncreasing 

transition energy_, and (3) the know1edge that in all cases where the spim; and 

par·ities vlere kn01m, the ground-state rotational band v1as the r.tost promtnent 

(or only) band populated by the method used. Th the f 
J26 l 

case o Ba, tne E2 

assigm,1ent for the lo',:est energy transit:i.on VIas also supported by its lifetime 
( . . 

and th~ ~ne,J.sured K/L :intensity rati.o. 

'l'he e:r,ermaniu .. .rn counter ·..Jas calibrated oy the use of several gan!"na-ray 

standards. The 177Lum standard used in the 0-500 keV range is an excepUom,_Jly 

good standard since it has over 20 transitions or peaks easily resol VE~d with 

. J.'( 18 
tlle:;;c counters ' ) . 
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In the ~est bf this se~tion the nuclides will be discussed individually. 

·section 4 will su!!Lrnarize the data and discuss their interpretatjon. 

3 ·.1 BARIUM-126 

The ga!!Lrna-ray spectrum as found near the peak of the lJ.5In (14N ,3n) exc:ita-

tion function is sho-vm in fig. 3. The relative intensities of the first four 

transitions. of 126Ba as observed were 1.00:0~65:0.47:0.26 (after correctton for 

absorbers and detector efficiency). In addition to the transHions that have 

been assigned to 
126

Ba, three other peal~s -v:ere found. The 511-kcV anni.hilatJ.on 

. 115 
radiation peak, the 560-keV In Coulomb excitation- peak, and a 690-keV peak 

can be seen. The 690-keV peak is observed·in all Li-drifted germanium counter 
! 

. . . ~ ~ * 
spectra when fast neutrons are present, and results from a Ge(n,n r) cee 

I 

reaction. The partial-level scheme involving the e;row1d-state rotat:i..onal band 

" 
.i~ shown in fig. 4. 

The K/L ratio of the 256-keV level was measured to be· 4.5±0.6, and ,,.,hile 

agreement with the theoretical value for an E2 transition is not exact (K/L :::: 5.4), 

the transition has been so assigned. (The theoretical K/L ratio for an Hl transi-

tion of this energy v1ould be 7.5.) 

An example_ of the electron spectra observed in the lifetime stydy of the 

first-excited state of 126Ba is shovm :i.n Fig. 5. 'l'he mean ll.feti.me. ( -r ) for the 

-10 . 
256-keV transition v5a.s 2. 7±0.5 X 10 , seconds. The limits of error quoted are 

·' 
due mainly to th.e s{a.tistical uncertainty in the calculation of the centroids 

of the peaks in the electron distri but5. ons. (In determining the lifetime of the 

.. 

l 
I 

_I , 

I 

I 
t- ! 

lo .. 
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~:'+ lev•::], an a;oprox.i.?nate upper JJ.mi.t for the Jj_feti?nc of the 11))-l;P.V 1!.; tr.,;.r~:~ J.L• Oll 

w1H aJ.so measured. 

JifeLi:nc to allm·l for the effect o:f tlw decay from the 1+ --} 2 level.) F.i.r,ur·c (, 

sllo\·?E; tlle measured lifethne value for the 2')6--};:eV tranrsi.tion along -,J:ith V8.lLH."; 

for some other nuclei. 'rl1ic> figure fol1mvs that of Grodzi.ns 19). ~.'he value for 

tllc li.:fetime as determined above gives a defor!nation (r3) of 
126

Ba of 0. 21t':0. 0?, 
1 

vlhere f3 is the deformation 1)arameter of a spherotd gi vcn by f3 = l1j3 (7T/5 f~ (.\f\jF!.. ) 
0 

vii th R the mean nuclear radius and 6H the dtfference beb1een the ma~)or anc1 !aino:.· 
0 

se:ni.-axis of the spheroid. Unfortu,nately the experiment does not di~;ttnr;LLi~~ll 

betl-1een an rms value of f3 resu.lt:i.ne; from oscil1ations al1out a spherical sllar1c~ 

and a stable equil:ibri.um value of f3. 

) .2 BAHTUM-1211 

121t 
Of the fi.ve nucJei con::~idcred :i.n thJs work, Ba has tl1c least re] jul>:Le 

assignments of gamma rayf; in :i. ts decay. 
lJ) J.l+ 

It \-ms produced :in · Jn( N,~!n), and 

116
c (

12c !. ) t · · d t,., b · k d · tl h l · 1 un , fn reac · J.ons, an ·lle ·ac groun J.n · 1ese cases ·Has rnnc: ng -,er than 

f 
126B ' · 1 f d · ll5J .. n(J.ltN,J"n) r·eactl" a· n. Ol' a. w1nc 1 was orme lD an The max:i!au!r: y:i eld of 

1211. 
Ba occurs at hi.gher bombarding energies \vhere more reactions are possJ.o] e. 

'I'hc products frc'm these react:i.ons all contribute to the bCickground. Of thes:c' 

. (]}I ) (12 ) pr·ocluctr>, tnose fcn.·med Jn · N,ctx.n IJ.nd c,uxn reaction:.c; mo.y bccO!He u;;eful 

in future study of this region. 

1211 
'rhe 229-l<eV e;am?;l:::c ray ·,ms assigned as the 2 -> 0 tranr;j tion of' Ba. 

A b · th 116 ( 12 
1. ) t 1 · r · -r th · s can c seen 1.n e Sn C, In spec: -rwn s -,o'<m Hl lg. , e1·e 1 s 

pro!n:i.ncnt 139-}~c:V peak in the spectrum. Tlds peak 'Wa<:; ·also present. :in tbe 
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ll5In(
14

N,5n) reaction. It appears to follO\~ the excitation function vlith the 

121~ 
other penks v7hich have been identified as Ba transitions although this deter-

mination "as crude enough to leave some question. However, from a pre J.j_!t1inary 

lifetime measurement, the 189-l';:eV lifetime appeared to be about an order of 

magnitude longer than the_ 229-l;:eV transition and unreasonably long for a colJ:ec-

ti ve E2 transition of this energy. On the basis of this and the syste~ne.tic 

variation of the energies of the· first-excited states of the barjnm nuclei: 

the.229-keV transition was assigned as the 2 -~ 0 transition. It is hoped that 

future investigation ~n- this nuclide \·Jill allovl placement of the 189-keV transi-

tion. 124 
Figure 1~ gives the partial-energy level diagram f9r Ba. 

',) .3 XENON-122 

The spectrwn as found in the 115In( 11B,l~n) reaction 1s shown in flg. 8. 
· for · 

Wh . 1 th b , d f tl . t . . h. l t' /t l 1151 ( 10 - ) .. ~ e e acKgroun or ·1ls reac lOn ~s lgler aan :1e. n B,3n reac~~on, 

the pe'aks found are essentially the same. The five transitions identified vlith 

122 . 16 Xe are the most prominent; hov1ever, there is a peak at ~ 0 keV '\.Jhlch did not 

foll01-1 the same excitation function as the other peaks. This peak seems to be 

127 . 10 
due to .:>xe, and did not appear in the ( B,3n) reaction to any extent. For 

1
_ J.5In (

11
B, 4n) t'ne 819-keV · t · 1 · + d ' 1 assJ.gnmen ~s ccmp_lca..,e oy severa peaks (see fig. 

·3 ),· · t J d b · 'th th 115 c10 - ) - -ass1gmnen -wa 9 ma e y compar1ng 1n e In B,)n peaks. The reJ.e..ti ve 

. I 

intensities of the' fi.rst four transit~ons, after correction for absorbers and 

counter efficiency was 1.00:0.87:0.86:0.74 in 
122

xe.-

,._ ., ' 
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J6 ]~2 122. \ 
Morinaga and LarJ.;_ -·) alr:;o stud:Led the lc.:vc1:3 of cXe u:;:[ng the '.l'c(':t,lin) 

react :ion and Nal ('.1'1) counters. 'J'he agrePmcnt of the: tv10 vJorb; :i.c; gooc]. The 

partial J cvcl decay sdlcme as determined l;y the prc;.:ent vlt:Jrk j s ~:hmm i.n fi (:. C). 

3 )f XJ~NON-120 

The fi.rst three transitions of the ground-stah-: rotational band found jn 

the ll5In(
10

B,5n)
120

xe reaction ivere assigned without ambicsuity (fig. 10). 'l'lwy 

ar~ very pro!nlnent .and easily idenU.fj_ed by their exci tat:ion funct:i.ons and 

syntematic spac:Lne;. 'l'hc next two peaks in the band were not E.ts::;ignc:cl, bc.n·7cvcr, 

with the same assurance and are sho-vm as dashed i.n the level scheme :in fig. 9· 

'l'l:lc spec.:trmn 
. Y'7 Jl 

obt.a:lncd vdth the :i n-hcam technique Jn the · .( .. 1( .. B, l1n) 

reaction is shown in fig. 11. 
127. 10 . 

The l( B,3n) reactJ.on was also investicatcd 

Of 1271 .. but the Cou}omb excitation dominated the spectrum at the energies necess~ry 

for the 3n reaction. 

The ass1gnment of the first two peaks agrees well with the radiochc~ical 

experiment. The 815-keV peak has been assigned as the 6 -> 4 tr-ansHion. 'J'he 871-

keV peak was tentatively assigned as the 8 --) 6 transition, vihiJe the p~,,~~~ at 8lf;) 

keV \ms not assicsned• The 871-keV peak v1as chosen on the basis of trw syst<o''rcat:ic 

spacings involved. Figure 12 shows the partial energy-level scherri.e fo!' 

.. f· 

·r,, 
\ 
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4. Discussion of Results 

A sum:nary of the ground-state rotat:ional band transitiom; as dct.CE'l!.rwd 

:Ln thj_s v!Ork is shmm in Table II. 'I'he clas~3ificat.i.on system cd:' the tre.n:;itic;n~~ 

has tlle fol1ovdng meanings: A, definite pr~ak, c1efini tc ass i.e;nrnc;nt; B, clef in :i tc 

pea~ rather indefinite assie;nment; and C, indeffnite peak and incleflnite assign­
arc 

ment. 'I'he nuclei studied :in this iwd:/probably at the edge of a region of 

defo:nnation, and hence the transitionr; and deformation determined j n this \K>r}: 

are of intei.'est in extending the kno-v1ledge of nuclear shapes in tlli.s region. 

It must be pointed out i.n the beginnihc; that no sharp discontinui t:>' of 

nuclear pi:·opertier3 occurs i.n this region (such as 1s found in the reg:i on above~ 

the 82 neutron shell) \vhich v1ould indicate the definite onset of sLal,~le equ:Llil>-

rium deformations :in the ground states of nuclei.. Furthermore, j t has been 

pointed .out that tbe existence of a stable equilibrium deformation cannot be 

establjshed from a knov1~Ledge of the energy of the first 2+ state and iU; E2 

transi.tion prohabU.i ty to the ground state (rms value of t3) alone. ~'hus, to 

make defin:Ltc state:nents concerning nuclear shapes} one vlou1d have- to knm·l 

considerably more about higher collective (vibrational) excitations. In the 

absence of .such informat.i.on, vie can only compare the ground-st1,ttc band 'propc~rti;;::-> 

of these nuclei \·lith those of other nuclei, lying in regions of the periodic 

table \·:here there is more knm·lledge about the nuclear shapes. 'J'his has been 

done in previous studies of this region, and we i-lill present briefly thFc extcn-

sion of these comparisons to the present data. Hm-:ever, it is our poj_nt of vie\·1 

that tf'.c best estimate of the shape of a particuJar nucleus can be !nade fn.>::i th·:: 

comparison of all the data for that nucleus with CO!;tparahle d~J.t.a for otl1d' nuc·l ei. · 

'l'.hh:.. cor;t})ELr5.son 1-:ill be pccscnted at the end of t!1is section. 
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*" Ground-state rotatjonal band transit:Lons (kcV). 
---------------------- -------------

'J:ran:-; :i.i.ion 120Xe 122x e 124Ba 1.26 
Ba 

J)li 
Ce 

------~ ----- ---- ---- ---- ----- --------··--·--

2 --> 0 321.8 A 331.1 A 229.5 A 25G. ]_ A 1!09.) A 

L1 --> 2 1~72.6 A lt97. 5 A h2-0. 6 A . lr5). ') A 63c3 .9 A 

6 --) lr 601.lr A 6)8.2 A 5'(3 B 621.11 A 8Jll. 6 /\ 

8 -) 6 701 c 7lr9.9 A 631+ c 7'!/(.1 A 8'7}. )+ B 

10 -> 8 773 c 819 B 829 c 

-x-
'l_lhe accuracy of' these. transitions is expected to be ± 1 keV. 

---------------------------------.~------------··-----------------··--·-····--- ·---
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In stating the~ evj_dence _for a ne-vi region of deformation i>':i th lc:,;c; trnn 

1+ ::> 
82 nc~tltronr::, Chanda ' ) used several methodE: to efd:.:L~nette the (lefonmd:.ic;n ol' tlJ''-~ 

bar:i.Lm nuclei f'rc:J!n the cn~:r·cy levelf; i.nvolved. 'rvlo of tl1esr:; method:: are: 

(l) the com}_)arison of the first-excited stute energ:i.es Ji:
2

+ w:ith an (E
2

_
1
_) cr:i. t. as 

20 
suggested by Alder et al. ) and (2) compar:i son of the ob::;erved Elr/E

2
, E6/E2, 

etc., ratios \~:i. th those expected from the rotational model. ~'he energy of tl1e 

fir;ot-·exc:i_ted state o:f the even-even xenon, bar:ium, and cerium isotopes j ;; r;h0\·1!1 

in·fjr;. J.). To obtain r:1 rouch.l.nd:i.caUon Qf the transi.t:i.cm bei..\·lccn rotatinr:n.1 

and vibrat:i.onal nuclei, the energy of the first-excited stute :is ccnnpared to the 

b t . d . t. ] l 20 ) . a ove-men J one cr1- J.ca __ va ue g1 ven as: 

(F ) 
'2+ crit 0.23 ~ . 

r1g 
(1) 

where ~rig is the moment of inertia of a rj_gi.d rotator. If E2+ < (E
21

) c,·-H.' 

the implicrrt:i.on j s that the nuclei might be deformed and rot:tti on<:1l srcct.c<c 

12G . 12L~ 
cou.1d occur. 'J'l1e first-excited states of Ba and Ba lie belo\J the valu(: 

of. (E2 t:) cr it as can be seen in f:i.g. Jj. It seems clear, ho·wevcr, that this 

does not indicate anything more specific about these nuclei than that they li.e 

in a region where stable equj_li.briurn deformations are plausible. 

For even-even nuclei the ground-st~te rotational-band energy Jevels arc 

fairly 1veJ.l descdbecl us:i.ng the rotational formula: 

2 ;J I(I+l)_ (~) 
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vlhercc I represents the spin of the state, and ~ is the moment of :i.ncrt:i.:J, b.ud 

only even spin states and positive pnrity arc allowed. Equation (2) r~cdjcts 

the energy ratios: 

3·33; Ec/E2 = 7.00; etc. 
0 . 

Figure llf shov?s the energy level raUos EI/E
2 

(rat:i.o of the enerr;y of the state 

with spin I to the energy of the first-excited 2+ level) for typical nuelej in 

the other regions and the nuclides of this work. The rise in the rare-earth and 

heavry-element regionr; to values near the above predicted ones are regarded ar; an 

indication of deformation in these regions. A rise can also lJE~ seen for the 

nuclei just belm-1 82 neutrons j hm·1evcr the rotational vo.J.ues are not very clo:~ely 

approached. Thi.s does not seem to cast very much lic;ht on the question of st8.b:!c 

deformations of ground states in this region. 

As seen in the comparison of E,_ with (F ) and the ratio E
1 
.. ,h~.-_,. __ 

1
_, 

cl· ~2+ cr:it c. 

the more neutron-deficient barium iscitopef; studied seem to have the largest 

prorJabili ty of stable deformation. 
120 

The value for the quantity E
1

/E
2

_f for Xe, 

as dc.termined in th:i s 1-1cirk, :i.s lo¥JCr than that for 
122

xe and,· therefore, tl; c 

deformation (or tendency tovm.rd deformation) of the xenon isotopes may have~ 

l 1 . . tl 122 reac 1ec a crJ'l.Xl.mu.m WJ. · .l Xe. ·The ~nor:e neutron-def:Lclent isotc.l}JC~5 of ceril!!a, 

I' 

on the ot'nei· hand, will probably have still larger ( ter1dency tm-,ard) defoc!:lcJ tj on!;, 

and may >vell exceed those of the bari.um isotopes. 

The lifetime for the first state in 
126

Ba can also be used to calculate 

the enhe.ncc::1.ent factor, F', for th:i.s transit:Lon. The enh:S.ncement factor 1s: 



\ 

,.-

T (experimental) 

F = 'l.Y(s.p., 2 -7or­
'Y 

- (3) 

vlhere the single proton transi t.ion probability; T-y:, is gi vcn by
19): · 

T (s.p., 2 -7 0) 
'Y 

withE (2 -7.0) in MeV, T 
'Y 'Y 

. -1 is 1n· sec A is the mass number, the statistie:al 

factor has been set equal to one, and the n_uclear radii have been asswned to 

l/3 vary as r.= 1.2 A fm. F th 2 0 t 't' · 126B F ~ 70 l or e -> _ rans1·1on 1.n a, = : a va ue 
. (t 

which again is intermediate beti.Jeen deformed and spherical nuclei. 

In fig .. 15 is sho•m the most complete comparison vie could construct of-

the informati.on on three of the presently studied nuclei "Yiith nuclei from other 
'~ .. 

t.: 

r¢gi.ons.. Here we have plotted the rotationaJ. constant, A
1

, (as denned from 

the transition energies) for all the knovm rotational (or vibrational) levels 

.in the various nuclei as a function of the spin of the upper level. In an 

attempt to remove the mass dependence of the energies, all v1ere norrnalized to 

A = 170 assuming an irlverse A5/3 d~pendence of the energies on mass mm1ber. 

That this is useful is empirlcally evident from the rather close grouping_at 

higher spins of levels from knmm rotational nuclei ·having masses ranging fro!n 

156 to 238. vthether or not there is physical significance to this grouping at 

high spins is not clear 1 and <1e do not >d sh to pursue that point here. Our 

intent here is rather to sho•1 that an empirically useful nor!nalization for !nass 

munber _is achieved·, and, comparison of the presently studied nuclei \.J:ith others 

is thus facilitated. 

I 
·' 

i 
i'· 
I 

' ,:"11 
r 
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In fj.e;. 15 the he:i.c;llt of a point is related to the energy cl:i:ffcr,'ncc 

beb~c::en succesr;Jve levels (transition energy), and the slope of' the l:i.ne con-

necting two points is related to the ratio of successive transition energies. 

Thui.; from the plot one can compare both of thc~se quantities for var:Lour.~ nuclc:i. 

'l'hc plot i:::; ;;o conf:;trueted that a pcrfeet rotor would give n horizont::d line. 

It js clear from f:i.g. 15 that at 1m~ spins the l1arium and xc:nnn nuc.-lc.i lie 

above tho;~c nucle:i. vth:i.ch one is ef;f>CntiaLLy certain have stn.1:J1e ec}uLI :i.br:iLI'il 

. 16~ 156 
deformations in their ground states (the ))y - Dy group). On the other 

hand they l:i.e .clearly f)elow those wh.i:ch are not deformed in thei.r ground r;tat,_:s 

(th 188p 190 ) · e t - Hg group . In fact, they are comparable in inH).al height l·d th 

the or,;m:i.ll!rt and J:i ght pJntj rtll'il nuclei. Hh(~n hi f)lCl' :;p:i n ::tnt·.e::~ ru:·-~ C('llH icl<'l'(~'·.l .. 

I [\!, 
hov.'evr~r, it 1s cl.pparcnt. tl1at the ll<:J. and Xe nuclei are V(:~l'Y much Jj k•~ · - }'[; E!.lld 

not like the Os mtclei. The main charactcr.i.stics of the heavier 0::; nuclc:i. nre 

likely to be: lov1 )'-v:lbrational bands, the heaviest ones poE;sibly being )'-unr;ts.l.•le; 

but high t3-vi.brational bands and very likely stable equilibrium defor:nBti on~;. On 

the other hand the light Pt nuclei have very 1m.< f.3-vjbr'ation.::cl banclE;, \·11th stablr: 

equil.ibr:i.um deformation~; in the cround stB.tc uncertain; but hje;hr;r )'-vjhn:tL:i · .. •nrt1 

symmetric (prol•ably prolate) shapes. 'l'he Ba and Xe nucJ ei are presUmably 1i kc 

the ligllL pJnU.num nuclej abow~, a conclu>jion •-th1.ch is supported l>y the r;hi./rJ)'}Ly 

' (1 ) 126, :1 156 . in sni:t.pe Jut not. hei.e;.ht · bcL11een Ba a.n.- lly. 1'he 
]<.(, _;.T J • l Jy nuc. eu:~ J.:'. t: ... ~JCX-~L 

de.fol'!Jle<J in lt::; ground :3tate, El.tld con.·csJ>Onclingly 1.~1 lo'.·lfT in hc:1ght jn f.i.L~· J>. 

quite soft tow."lrd dc:fonl<,.t.i0n (lm: ~-vibration) ar:d arc likely to l)c sLr·etc:ic:~cl 



under rCJtation to beco~ne deformed nucle:L. 'l'his ir. incHc:atecl in fig. 15 11y tl:·:~ir 

rapid. drop with increasing spin to the rer;ion of tlw clcorly l'•.;U:d.~.cmal nLJ.clci. 

VJiJCUl(:l' they are defor:ned :in their ground :.;tatcs is noL really clc.:a:r-·, 1-JO\·i':;vt:r, 

• 1811. . 
even f. or . Pt ''here ground, fl, and "Y ba.ncl.f; all appc,ar· tc• be Y.novm. ~·o ded.rh~ 

t11is point on tl1e basis of the present data one v1oulcl have to carry out !l:·:xlc::l 
21 . . . 

calcu:I at ions of the type done by Kumar and Beranger ) , anc1 when the: r.nm:n 

charactei~ i::;tics of the lcvcJ s are reproduced, the grou.ncl f;t<:.J.tc: \·Ja vcfunc:t.i on 

can be examined. Perhaps other experimental :i.ndications of the ground ~;tate 

shape can be foundj hm1ever, this is not so easy 1-f one does not assU!1W that 

the shapes of the ground and lowest 2+ states are necessarily the same. 
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F'j_gure Captions 

}i'j g. 1 . Vertj.cal cross-nec:tibn ·of the experimental setup fc:n· ga;w,;a-ray 

detection. 

Fig. 2. Dt·a~-;~i.ng of the target-high voltage as~:crnbly us eel to ny;asu.re t!i•.' 

] . r· t' f i.··}· i" t 'i. , lc' (").·.f.' 
1261'·· n•• ]" f .. L C ·);nr~ 0 .. , .IC . J.r:J -(•XC.l. -CC1. ~:; .ct,;e ·,;__1., J JJC: C.):; .. (l.JIC.'!< C 

c_ould be varied, 1-1hilc the di.~~tance b \itlf> fjxccJ. 

Fig. ). P l ' t f 126 . l l) ') . L<lse- 1eign · f;pectrw•l o · Ba as o )Served from an ·· ·-In t.ct:r.·c:•:t 

b h l 1 l ,. ') " V J.lr"' . O!ll. arc cc. )y :Jc. l'le H 1 otw . 

l<'lg. 4. 'I'he partial level ~:;cheme of barium isotopec as foun(l :i.n th:i.f.; I.JOJ'};. 

Fir,. ). The c1ectron :::pcctra in the region of the K l:i.ne of tr1c ~~>'> h·V 

Fig. 6. 

Fig. 7. 

Fig. 8. 

lJ~ ]_~ 
tram:jt:iorw from an ···-:en target bomb:.u:clcd. ~-.•it.ll ~:(' lkV N :.t:: J\>llt·d 

using the lifetime apparatus. 

-1 
Heciprocal transHion .pl'obabil:i.ty T (2 -->·0) "' 1· as a funct:i.on 

~ ·y 

of energy, F. • 
2-f 

The solid point rern·esentr; the value deLCl'!ILincl] :it1 

the present. work. The bpen circle values are front ref. 19. 

121~ 116 
Pulse-hejght srlectrum of - Ba as ob[;ervecl. from a f:;n tnr;::o;d. 

bombarded 1-1ith 30 MeV 
1 2c ion;:-~. 

"[) 1 h · ' j t f 122x· · b ' r · ll5J. LU.se- e1gnG spec rum o .e as o servcn rom an .n l:.arc:et 

Jl 
bombarded with 57 MeV }3 tons. 

Fig. 9. The partial level schemffiof xenon isotopes as found in thjs work. 

Fig. JO. Pulse-height spectrum of 
120

xe as observed fr'J:n an Jl5Jn Utr[<:·c:L 

10 
bombnrrl,;cl wJ th 1.)7 f.rt:V B .iom;. 

, ],)11,., l~-'7 .. 
F':i.g. lJ.. 1-'ulse-hcjght spectrwa oJ l.C as observed fr~l~il El.Jl · 'J targeL 

Fig. J:?. 

bombarded with 57 MeV 
11

B ions. 

Parti.?..}_ leveJ 3Chemc: for 
l)f 

Cc. 



Fig. 13. The energy of the first-excited states of the .even-even xenc•n, 

l '.O}•·' •O l C"J''Un ·'c·ot·rp"'"' 'J'}1r. (J·i' ) c•J· , . .,, .. t' ·' cJ·c ··]· .,·· lc• .. lll!Tl, nnC tc .. L l .lo 0 ,_,,,. . ·- ·'r • t '·' 10:.1! o.;;. .J1C .cl.,,, llJI 

t . t d . 8+ CY.'J. , es l!ila ·e . ret,J.on of' · 
line indi.cates the jcraru:.;tU.on bct11ecn S})herical and sJ;heroicJa] 

( 
132 . . 

nuclei. The Cc po1nt lS an approxJ.mate value as ob~;crvecl 

. th 12 7 ( 12 '7 ) t 1n · e I C, n reac·ion. 

Flg. 111.. The energy ratio E
1

/E
2
+ of the even-even ntlclei represented. 

'l'he neutron closed-shells are indicated by the Vl.CrL:LC'al cl:.ts1·•ccl 

lines; the Bohr-Mottelson theoret:i.cal l:i.rnits are shmm af_; 

horizontal dashed lines. The data has been given jn ref. 5. 

Fig. 15. 'J'he rotational constant, AI, defined from the transition cner[~Y 

is plotted versus the spjn, I, for a variety of nuclei inclucl ing 

three from this vlork. All the nuclei were normal:i zed to mas[; 170 

by assuming an ihverse A5/ 3 dependence of the energies on rna~~ 

number. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accur~cy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus,· method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 
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